The enantioselective synthesis of a cyclopentannulated analogue 8 of the pyranonaphthoquinone antibiotic kalafungin 1 is described. Addition of cyclopentadiene to naphthoquinone 2 which bears a pantalactone chiral auxiliary at C-2, afforded cyclopentannulated naphthofuran 4 after tin(IV) chloride induced fragmentation of the initial Diels-Alder adduct 3. The pantolactone auxiliary was then removed using lithium borohydride and the resultant aldehyde 5 converted to a methyl ketone 6 by treatment with methyl lithium followed by oxidation with manganese dioxide. The enantiomeric excess of methyl ketone 6 obtained in this manner was established to be 96% by chiral HPLC. Oxidative rearrangement of methyl ketone 6 using silver (II) oxide and nitric acid afforded lactol 7 which was reduced to cyclopentannulated pyranonaphthoquinone 8 using triethylsilane and trifluoroacetic acid.
Introduction
The pyranonaphthoquinone family of antibiotics, exemplified by kalafungin 1 have attracted considerable synthetic interest1 due to their proposed ability to act as bioreductive alkylating agents via quinone methide intermediates. Despite the important biological activity displayed by this family of antibiotics very few methods for the enantioselective synthesis of pyranonaphthoquinones have been reported.2 Our approach to the synthesis of several members of the pyranona-phthoquinone antibiotics has focused on the addition of a silyloxyfuran to a
Results and Discussion
The chirality present in the cyclopentannulated analogue 8 of kalafungin 1 was generated via Lewis acid induced fragmentation of the Diels-Alder adduct 3 (formed by the addition of cyclopentadiene to chiral naphthoquinone 2) to the cyclopentannulated dihydronaphthofuran 4.
Aldehyde 5 was then obtained after reductive removal of the pantolactone chiral auxiliary and transformed to methyl ketone 6 by addition of methyl lithium and subsequent oxidation using manganese dioxide. Oxidative rearrangement of the cyclopenta [b] naphtho [1,2- [2,3-d] pyran-6,11-dione 7 was then achieved using silver(II) oxide and nitric acid. Finally reduction of the lactol 7 to a cyclic ether 8 was achieved using triethylsilane and trifluoroacetic acid.
In an earlier study 5 of the diastereoselectivity of the Diels-Alder addition of cyclopentadiene to 1,4-naphthoquinones bearing a chiral auxiliary at C-2, it was established that the pantolactone auxiliary afforded the best diastereoselectivity when using zinc(II) chloride as the Lewis acid.
Furthermore the stereochemistry of this cycloaddition was established by X-ray crystallography to be that wherein the cyclopentadiene added to the less hindered top face of the naphthoquinone 2 due to the shielding of the lower face by the pantolactone auxiliary. Adduct 3 was obtained in 96% diasteromeric excess and was smoothly converted to 4 using one equivalent of tin(IV) chloride in dichloromethane in 65% yield. The pantolactone chiral auxiliary was then removed smoothly upon treatment of 4 with lithium borohydride.
In order to prepare analogues of kalafungin 1, aldehyde 5 required conversion to methyl ketone 6. Methyl ketone 6 was therefore prepared in 72% yield by treatment of aldehyde 5 with excess methyl lithium followed by immediate oxidation of the resultant secondary alcohol with activated manganese dioxide in dichloromethane. The optical purity of methyl ketone 6 was determined to be 96% e.e. by high pressure liquid chromatography on a Pirkle Type 1-A column using hexane / 0.5% isopropyl alcohol as solvent. Hence it was established that the diastereomeric excess (96% d.e.) of the initial Diels-Alder reaction adduct 3 was completely reflected in the enantiomeric excess observed for methyl ketone 6.
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Scheme 3
Methyl ketone 6 was then oxidised using silver(II) oxide and nitric acid to afford pyranonaphthoquinone 7 in 95% yield. In the 1H NMR spectrum of 7 a three proton singlet at δ 1.82 ppm was assigned to the methyl group and a multiplet at δ 4.90-5.04 ppm was assigned to 3a-H. The 13C NMR spectrum exhibited characteristic peaks at δ 28.2 ppm, δ 36.0 ppm, δ 73.9 ppm and δ 86.7 ppm assigned to the methyl, C-11b, C-3a and C-5 carbons.
The unstable lactol 7 was subsequently reduced with triethylsilane and trifluoroacetic acid to form kalafungin analogue 8 in 50% yield. A three proton doublet (J 6.6 Hz) at δ 1.57 ppm in the 1H NMR spectrum was assigned to the methyl group and a multiplet at δ 4.45-4.59 ppm was assigned to 5-H. A one proton multiplet at δ 4.70-4.85 ppm was assigned to 3a-H. Nuclear
Overhauser enhancements (nOe) between 5-H and 3a-H (0.9%) and between 3a-H and 11b-H (3.2%) confirmed that 5-H was cis with respect to the bridgehead protons 3a-H and 11b-H. This is consistent with axial delivery of hydride from triethylsilane as reported by Kraus et al.7 The enantiomeric excess of 8 was established as 96% e.e.by 1H NMR spectroscopy using the chiral shift reagent (+)-Eu(hfc) 3 . Readings were taken using the 589.3 nm sodium line in a 0.5 dm cell. Infrared spectra were recorded using a Perkin Elmer 1600 Series FTIR spectrometer as a thin film on a single sodium chloride plate seated in the apparatus on a custom made perch. 1H NMR spectra were recorded on a Bruker AC200B spectrometer (200.13 MHz) or a Bruker AM400 (400.12 MHz)
spectrometer. 13C NMR spectra were recorded on a Bruker AC200 (50. 
